Introduction {#s1}
============

The *FMR1* gene is the gene responsible for Fragile X Syndrome (FXS) affecting \~1/3,717 to 1/8,918 Caucasian males (Crawford et al., [@B4]). FXS occurs when FMR1 is silenced by methylation or inactivation due to an abnormal expansion of a CGG trinucleotide (\>200 repeats and called Full mutation, FM), located in the untranslated sequence at 5′, before the *FMR1* gene\'s first exon (Oberle et al., [@B20]; Verkerk et al., [@B26]; Yu et al., [@B30]).

It has been established that the normal CGG repeat number is below 45 and alleles in this repeat range are transmitted stably from generation to generation. Those alleles carrying between 45 and 200 CGG repeats are premutation (55--200 repeats, PM) or intermediate alleles (45--54 CGGs, IAs). The American College of Medical Genetics (ACMG) guidelines for defining these ranges are currently followed (Maddalena et al., [@B13]).

The term PM has been used since the discovery of the *FMR1* gene (Oberle et al., [@B20]) to reflect the fact that PM carriers do not generally have intellectual disability (ID) but their alleles are usually unstable, resulting in an expansion of the CGG repeats when transmitted by a female. It has been demonstrated that the risk of expansion is related to the number of CGG repeats, with smaller alleles being less likely to expand to a full mutation than larger ones (Rousseau et al., [@B22]; Nolin et al., [@B16]; Berkenstadt et al., [@B3]; Strom et al., [@B23]; Tejada et al., [@B25]) that is, the instability of PM alleles increases with the size of alleles. The smallest PM that has been reported to expand to a FM allele in one generation is 56 CGGs (Fernandez-Carvajal et al., [@B9]), later registered in our published cohort (Tejada et al., [@B25]).

The number of women carrying PM alleles is really high: it seems that as many as 1/130--260 females are carriers of a PM (Hagerman, [@B10]). In addition, these women could be at risk of developing several disorders associated with being a PM carrier: fragile X-associated premature ovarian insufficiency (FXPOI) (Sullivan et al., [@B24]), fragile X-associated tremor/ataxia syndrome (FXTAS) (Jacquemont et al., [@B12]), and the recently described fragile X-associated neuropsychiatric disorders (FXAND) (Hagerman et al., [@B11]). It has been estimated that about 13--26% of PM carriers women develop FXPOI (Wittenberger et al., [@B27]) and that up to 13% of women with PM could have FXTAS (Adams et al., [@B1]). In Spanish women with PM, we found similar frequencies to that previously reported for FXPOI (22.61%) (Merino et al., [@B15]), and also for FXTAS with frequencies from 3.27% (Merino et al., [@B15]) up to 16% (Rodriguez-Revenga et al., [@B21]).

There is also another range, that of the IAs or gray zone alleles (45--54 CGG), so called because these alleles may or may not be unstable (Nolin et al., [@B16]). In fact, we previously found that four mothers with 50--54 repeats expanded to a PM allele in the next generation (Tejada et al., [@B25]) and that 2% expanded to a FM in two generations (Madrigal et al., [@B14]). These alleles are very common in the population (0.8--3.6% with some geographical variability) (Madrigal et al., [@B14]) but their clinical relevance is not comparable to that of PM and it has been highly controversial. In previous studies in Spain, no evidence of an association between IA and behavioral or cognitive phenotypes was found (Madrigal et al., [@B14]) and, in relation to FXPOI and FXTAS, we found no association for alleles below 50 CGGs but the clinical implication of IA ≥50 CGGs was not clear and remains to be further elucidated (Alvarez-Mora et al., [@B2]).

Coming back to the expansion of a *FMR1* allele, today it is known that the risk of expansion depends not only on the number of CGGs but also on the presence of AGG interruptions (Eichler et al., [@B7], [@B8]). In the general population, almost 95% of alleles have one or two AGG interruptions, and usually occur after 9--10 CGG repeats (Eichler et al., [@B7], [@B8]). In the case of PM alleles, a combined international study has recently shown that there is a significant number of women with 55-90 CGG repeats that have one or more AGG interruptions, even up to five in some cases (Domniz et al., [@B6]). The biological function of these interruptions appears to be to stabilize the gene during transmission and to decrease the risk of DNA polymerase slippage during DNA replication (Yrigollen et al., [@B28], [@B29]; Nolin et al., [@B19], [@B17], [@B18]). Presumably, the alleles without AGGs confer a high risk of unstable transmission (Dombrowski et al., [@B5]; Domniz et al., [@B6]) and on the contrary, the presence of AGG interruptions within the CGG repeat tract significantly increases genetics stability and reduces the risk of expansion to a greater number of CGGs (Yrigollen et al., [@B28]). Therefore, knowledge of the distribution of these interruptions in IAs and PM alleles is of great importance for genetic counseling.

Since our previous works were done only with data recorded with the size of CGGs, we undertook the retrospective study of the published cases, adding new cases of recent years in order to determine the exact sequence of the CGG repeat tract with AGGs in our population. The overall aim of this study is to shed light on this topic to improve genetic and reproductive counseling in women with IA and PM alleles and to suggest that the risk of expansion should be based on the study of AGG interruptions which have not been taken into account in the established ranges followed nowadays.

Materials and Methods {#s2}
=====================

Study Design and Subjects
-------------------------

The design of the study was retrospective. Women with alleles between 45 and 65 CGG repeats were selected for the study. This range was selected based on the study of Nolin et al. ([@B19]) where they found similar frequencies of unstable transmissions in the ranges of 60--64 CGG repeats and 65--69 CGG repeats and to understand the effect of AGGs in women with low PM (\<65 CGG repeats) in order to provide a more accurate genetic counseling taking into account also recent studies on transmissions. In Cruces University Hospital these cases were taken anonymously from a database which includes the results of the *FMR1* alleles obtained between 1991 and 2018 in patients referred for Fragile X testing and their relatives in northern Spain. Collaborative hospitals from Barcelona and Zaragoza contributed with new cases for the study. In total, we studied 66 women (index cases) with CGG repeats between 45 and 65, and their children. Eighty-seven transmissions (47 males and 40 females) were analyzed. Informed consent approved by the clinical ethical committee was obtained in all cases prior to genetic testing.

Molecular Analyses
------------------

Genomic DNA was extracted from peripheral blood. DNA samples were amplified with the AmplideX® FMR1 PCR commercial kit (Asuragen, Austin, TX, USA) to obtain the exact number of repeats of both CGGs and AGGs. Sequences were analyzed with the Gene Mapper™ Software and the formula was annotated for each sample.

Results {#s3}
=======

Index Cases
-----------

[Table 1](#T1){ref-type="table"} shows the results of *FMR1* triplet repeat studies in the index cases (each woman with analyzed offspring) of the project indicating the CGG repeats and the AGG interruptions. The most common alleles found were those carrying 56 or 57 repeats with two AGG interruptions representing the 15% of our cases. We did not find any cases of 60 repeats in our study as an index case. For each case, the formula of the CGG repeats and AGG interruptions was recorded.

###### 

Results of triplet studies indicating CGG repeats and AGG interruptions in index cases.

  **Maternal CGGs**   **Maternal AGGs**   **Number of index cases**   **Total number of index cases**
  ------------------- ------------------- --------------------------- ---------------------------------
  45                  1                   1                           3
                      2                   2                           
  46                  1                   2                           4
                      2                   2                           
  47                  1                   1                           4
                      2                   3                           
  48                  0                   1                           5
                      1                   1                           
                      2                   3                           
  49                  1                   1                           3
                      2                   2                           
  50                  1                   2                           4
                      2                   2                           
  51                  2                   2                           2
  52                  2                   3                           3
  53                  2                   4                           4
  54                  1                   1                           2
                      2                   1                           
  55                  1                   2                           4
                      2                   2                           
  56                  0                   2                           7
                      2                   5                           
  57                  1                   1                           6
                      2                   5                           
  58                  1                   1                           2
                      2                   1                           
  59                  0                   2                           4
                      2                   2                           
  61                  0                   1                           1
  62                  0                   1                           3
                      2                   2                           
  63                  0                   1                           2
                      1                   1                           
  64                  0                   1                           2
                      2                   1                           
  65                  2                   1                           1
                                          Total = 66                  

*For each woman only the intermediate allele or the allele with premutation is represented*.

Analysis of CGGs and AGGs Transmissions
---------------------------------------

For each index case, at least one generation was studied in order to analyze the transmission of the allele from 45 to 65 CGG repeats. In some cases, three generations of the same family could be studied. Also in several cases for each index case more than one child was studied, so the number of transmissions was greater than the number of index cases studied.

[Table 2](#T2){ref-type="table"} shows the results of the transmission of alleles based on AGGs interruptions. Alleles with CGG repeats between 45 and 58 do not expand in the next generation except two alleles with 56 repeats and no AGG interruptions which expand in one case to 62 repeats and in another case to 65 and 77 repeats in two different transmissions. Therefore, AGG interruptions confer stability to the alleles as is shown in [Figure 1A](#F1){ref-type="fig"}. Furthermore, we have found four females with alleles with more than 59 CGG repeats and two AGG interruptions that do not expand either. Alleles from 56 CGG repeats without AGGs expand in all cases. Results of *FMR1* triplet repeat expansions over different generations within families where the index case presented no AGG interruptions in her PM allele are represented in [Table 3](#T3){ref-type="table"}. In all cases, the allele has expanded, leading in the third generation to a large expansion of CGG repeats and the appearance of FXS. In the second generation of these families where the index case does not present AGGs, in several cases CGG mosaicisms appear due to the instability of the allele. An example of the families where the allele has expanded due to the lack of AGG interruptions is represented in [Figure 1B](#F1){ref-type="fig"}.

###### 

Transmissions of the alleles between 45 and 65 CGG repeats.

  **Maternal CGGs**   **Maternal AGGs**   **Number of index cases**   **CGGs (AGGs) in offspring**   **Total number of offspring**
  ------------------- ------------------- --------------------------- ------------------------------ -------------------------------
  45                  1                   1                           45 (1)                         1
                      2                   2                           45 (2)                         2
  46                  1                   2                           46 (1)                         2
                      2                   2                           46 (2)                         2
  47                  1                   1                           47 (1)                         1
                      2                   3                           47 (2)                         3
  48                  0                   1                           48 (0)                         1
                      1                   1                           48 (1)                         1
                      2                   3                           48 (2)                         3
  49                  1                   1                           49 (1)                         1
                      2                   2                           49 (2)                         2
  50                  1                   2                           48 (1)                         2
                      2                   2                           50 (2)                         2
  51                  2                   2                           51 (2)                         2
  52                  2                   3                           52 (2)                         3
  53                  2                   4                           53 (2)                         9
  54                  1                   1                           54 (1)                         1
                      2                   1                           54 (2)                         1
  55                  1                   2                           55 (1)                         2
                      2                   2                           55 (2)                         2
  56                  0                   1                           62 (0)                         1
                                          1                           65 (0)                         1
                                                                      77 (0)                         1
                      2                   5                           56 (2)                         6
  57                  1                   1                           57 (1)                         2
                      2                   5                           57 (2)                         7
  58                  1                   1                           57 (1)                         1
                      2                   1                           58 (2)                         1
  59                  0                   1                           68 (0)                         1
                                                                      74--82 (0)                     1
                                          1                           82 (0)                         1
                      2                   2                           59 (2)                         3
  61                  0                   1                           71 (0)                         1
                                                                      61--81 (0)                     1
  62                  0                   1                           \>200                          1
                      2                   1                           62 (1)                         2
                      2                   1                           64 (2)                         1
  63                  0                   1                           66 (0)                         1
                      1                   1                           125--150 (0)                   1
  64                  0                   1                           80 (0)                         1
                      2                   1                           64 (2)                         2
  65                  2                   1                           70(0)                          1
                                                                      88(0)                          1

*In the case of offspring with different formulas, they have been arranged on several lines. Alleles separated by a hyphen indicate the appearance of a mosaic in CGG triplets*.

![Examples of pedigrees of studied families showing the expansion of the CGG repeats. **(A)** The allele with 56 CGG repeats and two AGG interruptions is inherited by the daughter without expansion. **(B)** In the third generation, the patient presents with Fragile X Syndrome with an allele of more than 200 repeats. Subject II-1 presents a mosaicism in the number of CGG repeats.](fmolb-07-00135-g0001){#F1}

###### 

Results of triplet studies in different generations of families where the index case presented 0 AGG interruptions in her allele.

  **1st generation CGGs (AGGs)**   **2nd generation CGGs (AGGs)**   **3rd generation CGGs (AGGs)**
  -------------------------------- -------------------------------- --------------------------------
  56 (0)                           62 (0)                           \>200 (0)
  59 (0)                           82 (0)                           \>200 (0)
  59 (0)                           74--82 (0)                       \>200 (0)
                                                                    \>200 (0)
                                   68 (0)                           N
  61 (0)                           71 (0)                           \>200 (0)
                                   61--81 (0)                       N
  64 (0)                           80 (0)                           \>200 (0)

*N, indicates no offspring*.

Discussion {#s4}
==========

Although the importance of AGG interruptions in maintaining *FMR1* repeat stability has been well-documented (Yrigollen et al., [@B28]; Nolin et al., [@B19], [@B17]; Domniz et al., [@B6]), nowadays clinicians use in genetic and reproductive counseling the laboratory reports where the American College of Medical Genetics definition for the ranges of IA (45--54) and PM (55--200) (Maddalena et al., [@B13]) are followed. These guidelines do not include the composition of the sequence (i.e., presence or not of AGG interruptions). This raises a great anxiety in many women due to the high frequency of IAs and PM (Madrigal et al., [@B14]) in our population.

The number of AGGs has a substantial impact on the risk and the magnitude of repeat change from the mother to her offspring. In our study we have found that alleles within the range of 45--59 CGG repeats and two AGG interruptions do not expand in the next generation. Moreover, there are two cases of 64 CGG repeats and two AGG interruptions which do not expand to the next generation either. Nolin et al. ([@B19]) analyzed the effect of maternal repeat size and number of AGGs on unstable transmissions and full mutation expansions and found that in the range of 45--49 CGG repeats and two AGGs there is a 5% of risk of unstable transmissions as well as in the range of 55--59 CGG repeats and two AGGs. These results show that the risk of expansion is the same in these particular ranges belonging to IA and low PM classifications. Domniz et al. ([@B6]) analyzed PM carriers with 55--90 CGG repeats and found that the risk of unstable transmissions for alleles between 55 and 59 CGGs with two AGGs was a little bit higher (14.5% in the combined study) decreasing to 0% when they have more than two AGGs. They also showed that the risk increases to 50% in the range of 60--64 CGGs with two or more AGGs. In our study including less cases, we have also found that alleles below 60 CGG repeats with two AGGs do not expand in the next generation but above 60 CGGs we observe a small increase in the risk of unstable transmissions (two cases with 62 CGGs and two AGGs in [Table 2](#T2){ref-type="table"}; in one case there is a loss of one AGG and in the other case there is an expansion of two CGGs). Furthermore, in the previous Spanish study on IAs (Madrigal et al., [@B14]), the analysis of 100 transmissions of IAs showed that 95% of these alleles were stable, only 3% expanded within the same range and 2% expanded to a FM in two generations; these two cases had lost the AGG interruptions. In the present study and in the range of IAs, we have only found one case without AGGs (48 CGGs) that did not expand in the next generation ([Table 2](#T2){ref-type="table"}), but all the alleles from 56 CGG repeats without AGG interruptions, expanded in the next generation giving a FXS in the third generation. All FM expansions were transmitted from alleles lacking AGGs ([Table 3](#T3){ref-type="table"} and [Figure 1B](#F1){ref-type="fig"}). These results show once again that AGG interruptions give stability to the allele as seen in other recent studies (Nolin et al., [@B19], [@B17], [@B18]; Yrigollen et al., [@B29]).

The discovery of AGG interruptions in IA or low PM has a great application in the genetic and reproductive counseling of carriers. Although we have a limited number of cases, with this study and the results of other recent studies, we suggest that the risk of expansion should be personalized and based on the study of AGG interruptions which have not been taken into account in the established ranges followed nowadays. In a previous study of CGG transmissions where AGG interruptions were not analyzed (Tejada et al., [@B25]) it was concluded that women with 55--59 CGG presented a risk of expansion to FM of 6.4%. And in this study we observe, for example, five index cases with 57 CGG repeats and two AGGs which do not expand in the seven transmissions analyzed. Finally, PM alleles may lose AGGs and CGGs through contractions and become normal, intermediate, or smaller premutation alleles (Nolin et al., [@B18]) so follow-up of women with a very low number of CGG repeats and no AGG interruptions should be recommended, despite the low risk of expansion in the next generation, like the case we have with 48 CGGs.

In conclusion, we strongly recommend that clinical laboratories study the total number of CGG repeats with the number of AGG interruptions as it was already said in previous studies (Yrigollen et al., [@B28]; Domniz et al., [@B6]) but unfortunately it is not a routine in many laboratories. In genetic counseling, it will be very important to convey this more accurate risk information to women carriers of alleles with 45--65 CGG repeats regarding their risk of expansion or not of their CGG repeats in the *FMR1* gene. This will serve to reassure women with very low risk of expansion even if they are classified as PM carrier according to the classic definition (i.e., \<59 CGGs with two AGGs), and to follow-up those that have higher risk including those with IAs and no AGGs.
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